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INTRODUCTION 
 
Lung cancer continues to be the leading cause of cancer-related death in both men and women 
in the United States (1). The majority of lung cancers are non-small cell lung cancers (NSCLCs) 
that include squamous cell carcinomas (SCCs) and adenocarcinomas (2). Lung cancer mortality 
is high in part because most cancers are diagnosed after regional or distant spread of the 
disease had already occurred and due to the lack of reliable biomarkers for early detection and 
risk assessment (2).  The identification of new effective early biomarkers will improve clinical 
management of lung cancer and is linked to better understanding of the molecular events 
associated with the development and progression of the disease.     
 
It has been suggested that histologically normal-appearing tissue adjacent to neoplastic lesions 
display molecular abnormalities some of which are in common with those in the tumors (3).  
This phenomenon, termed field of cancerization, was later shown to be evident in various 
epithelial cell malignancies, including lung cancer (4-7).  Loss of heterozygosity (LOH) events 
are frequent in cells obtained from bronchial brushings of normal and abnormal lungs from 
patients undergoing diagnostic bronchoscopy and were detected in cells from the ipsilateral and 
contralateral lungs (8).  More recently, global mRNA expression profiles have been described in 
the normal-appearing bronchial epithelium of healthy smokers (9) including those that were 
diagnostic of lung cancer (10).  In addition, modulation of global gene expression in the normal 
epithelium in health smokers is similar in the large and small airways and the smoking-induced 
alterations are mirrored in the epithelia of the mainstem bronchus, buccal and nasal cavities 
(11). 
 
In this program, in Specific Aim 1, we interrogated the molecular temporal and spatial field of 
injury in definitively treated NSCLC patients after curative surgery (12). We identified aberrant 
oncogenic pathways that were temporally modulated following curative surgery in the field of 
injury of smoker early-stage NSCLC patients (12). In this Aim, we also performed high-
throughput microarray mRNA expression analyses of cytologically controlled lung tumors, 
airways with varying distances from corresponding tumors and normal lung tissues obtained at 
lobectomy procedures and characterized transcriptomic architecture of the adjacent-to-tumor 
field of cancerization with respect to spatial proximity from tumors (13).  Moreover, and in 
collaboration with the Initiating PI (Dr. Steve Dubinett) and other Partnering PIs (Dr. Avrum 
Spira and Dr. Pierre Massion) we performed RNA-sequencing and microarray profiling of nasal 
epithelia and airway epithelial cells collected from both bronchoscopy and lobectomy specimens 
as well as of corresponding tumors (NSCLC patients) or benign lesions (cancer-free 
individuals). In this analysis, we interrogated airway-wide genomic field of injury effects that 
transverse the normal-appearing bronchus adjacent to lesions up to the nasal epithelium. This 
analysis showed that the airway field of injury comprises gradient profiles that are mainly 
localized as well as field profiles that may serve as airway-based biomarkers capable of 
diagnosing lung cancer in current or former smokers using minimally invasive sites.   
 
This final report summarizes findings obtained during the entire four year funding period.  This 
report will also be included in the comprehensive report to be prepared and submitted by Dr. 
Steven Dubinett (UCLA) as the Initiating PI. 
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Figure 1.   Schematic illustrating sampling and collection of 
bronchial brushes from different airway sites at different time 
points following resective surgery from early stage smoker 
NSCLC patients enrolled in the phase II cancer surveillance 
Vanguard study. 

 
Figure 2. Schematic of the transcriptomic analysis of the airway 
Field cancerization in NSCLC.   
 

MD Anderson Cancer Center (Dr. I Wistuba) PROGRESS REPORT 

Molecular Profiles for Lung Cancer Pathogenesis and Detection in U.S. Veterans 
 
Specific Aim 1: To increase our understanding of the molecular basis of the 

pathogenesis of lung cancer in the “field cancerization” that 
develops in current and former smokers. 

 
 
 
A. Gene expression analysis of the field cancerization in early-stage NSCLC patients 
 
Spatiotemporal field of cancerization expression profiles 
 

Gene expression alterations in response to 
cigarette smoke have been characterized in 
normal-appearing bronchial epithelium of 
healthy smokers, and it has been suggested 
that adjacent histologically normal tissue 
displays tumor-associated molecular 
abnormalities (4, 5). We sought to delineate 
how the field of injury evolves in space and in 
time in NSCLC patients following curative 
surgery. In Years 01-02 of this program, we 
performed expression profiling of samples from 
smoker patients who were accrued into a 

surveillance clinical trial for annual follow-up and bronchoscopies within 1 year after definitive 
surgery. Bronchial brushings and biopsies were obtained from six different sites in the lung at 
the time of inclusion in the study and at 12, 24, and 36 months after the first time point (Figure 
1) (12).  Our study pinpointed spatial and temporal cancer-associated expression alterations in 
the molecular field of injury of patients with early-stage NSCLCs after definitive surgery that 
enrich the molecular definition of the airway field of cancerization and establish new paradigms 
for the patient at risk for lung cancer (12, 14) (see Reportable Outcomes and Appendix). 
 
Transcriptomic architecture of the adjacent airway field of cancerization 
 
We also sought to characterize the yet 
unknown global molecular and adjacent 
airway field cancerization in early-stage 
NSCLC. In Years 01-03 of this program, 
we performed whole-transcriptome 
expression profiling of resected early-
stage (I-IIIA) NSCLC specimens (n=20) 
with matched tumors, multiple 
cytologically controlled normal airways 
with varying distances from tumors and 
uninvolved normal lung tissues (n=194 
samples) using the Affymetrix Human 
Gene 1.0 ST platform. A schematic of 
the recently published (13) study’s 
design is represented in Figure 2. We 
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identified differentially expressed gene features (n = 1661) between NSCLCs and airways 
compared with normal lung tissues, a subset of which (n = 299), after gene set enrichment 
analysis, statistically significantly (P < .001) distinguished large airways in lung cancer patients 
from airways in cancer-free smokers. In addition, we identified genes (n = 422) statistically 
significantly and progressively differentially expressed in airways by distance from tumors that 
were found to be congruently modulated between NSCLCs and normal lung tissues. 
Furthermore, LAPTM4B, with statistically significantly increased expression (P < .05) in airways 
with shorter distance from tumors, was up-regulated in human immortalized cells compared with 
normal bronchial epithelial cells (P < .001) and promoted anchorage-dependent and -
independent lung cancer cell growth. Our studies demonstrate that the adjacent airway field of 
cancerization comprises both site-independent profiles as well as gradient and localized airway 
expression patterns (13). Profiling of the airway field of cancerization may provide new insights 
into NSCLC oncogenesis and molecular tools for detection of the disease (13) (see Reportable 
Outcomes and Appendix). 
 
Our microarray analysis also pinpointed to a decreased expression of the lung-specific tumor 
suppressor gene G-protein coupled receptor family C, group 5, member A (GPRC5A) in tumors 
and airways compared to uninvolved normal lung tissue. GPRC5A was identified as a lung-
specific tumor suppressor gene evidenced by spontaneous and tobacco-driven adenocarcinoma 
formation in mice with knockout of both of the gene’s alleles (15-19). GPRC5A was shown to 
exert its tumor suppressive function, in part, by inhibition of nuclear factor-kappa B (NFκB) and 
downstream inflammation (16). In Year 02 of this program, we analyzed GPRC5A expression in 
the molecular field cancerization associated with chronic obstructive pulmonary disease 
(COPD), a risk factor for lung cancer that is typically associated with inflammation (20). 
Quantitative real-time PCR (QRTPCR) in an independent set of samples demonstrated that 
GPRC5A expression was significantly decreased in the molecular localized field cancerization 
(20). GPRC5A airway expression was highest in airways from cancer- and COPD-free smokers, 
decreased in airways of COPD patients (p = 0.004) and lowest in airway epithelia of COPD 
patients with adenocarcinoma and SCC (P < 0.0001) (20) see Reportable Outcomes and 
Appendix). 
 
Somatic point mutations and allelic imbalance in the airway field of cancerization 
Our findings on the transcriptomic architecture of the airway field of cancerization in this DoD-
funded program prompted us to perform preliminary studies in Year 04 to investigate somatic 
genomic alterations in the airway field. In a pilot study, we performed deep sequencing of a 
panel of 409 cancer-associated genes using the Ion Proton sequencing platform (Life 
Technologies), in samples from several lung adenocarcinoma (LUAD) patients consisting of 
multi-region tumor core needle biopsies (CNBs), normal-appearing small airways (SA) adjacent 
to the LUADs, normal large airways (LA), nasal epithelia and white blood cells.  We achieved an 
average depth of 900X and 80% of the samples achieved >500X across 80% of the capture 
region. We applied the Genome Analysis Toolkit (GATK)-based workflow (21), running MuTect 
(22) to infer acquired mutations with the white blood cell-derived DNA as the paired normal 
sample.  We obtained counts of somatic variants for each non-blood sample.  We found that 
there were some mutations were shared between the tumor and adjacent “normal” airway 
samples, while others were unique (private) to these regions.  There appeared greater sharing 
between the adjacent “normal” airway and LUAD than between the tumor and either the large 
airway (LA) or nasal epithelium.  Figure 3A depicts mutations in fibroblast growth factor 
receptor 4 (FGFR4, red) and TATA box binding protein-associated factor (TAF1L; blue) that 
were found to be shared between LUAD CNBs and adjacent “normal” small airways (SA).  The 
variant alleles for the FGFR4 mutations were found in decreasing frequency from some LUAD 
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Figure 3. Genomic alterations in the airway 
field cancerization. A. Somatic point mutations 
identified by deep sequencing and present in both 
NSCLCs and adjacent normal airways. B. 
Identification by hapLOH (red vertical lines) of 
tumor-associated somatic chromosomal 
aberrations in “normal” airways of two patients 
(left and right). Black arrows and asterisks 
indicate allelic imbalance in 9q found in both 
NSCLCs (top row) and airways (middle) and not 
found in blood (bottom). CNBs, core needle 
biopsies; SA, small adjacent airway; LA, large 
airway. 

CNBs to the SA, LA, nasal (and was not observed 
in the blood), fitting the profile of a spatial field 
cancerization mutation (Figure 3A; pt. A). We 
also performed a pilot genome-wide SNP array 
profiling study and used hapLOH, a computational 
tool developed by the Scheet laboratory (23-25), 
at MD Anderson Cancer Center, that incorporates 
information about germline haplotypes and allows 
detection of aberrant DNA particularly in settings 
when there exists clonal mosaicism in adjacent 
normal tissue, which we anticipate in the field 
cancerization. Using hapLOH we identified 
somatic allelic imbalance events in the airway 
field cancerization. Figure 3B displays an event in 
chromosomal region 9q that is shared between 
the tumor and the adjacent normal-appearing 
airway in two LUAD patients. This event was not 
detected in white blood cells (Figure 3) or in 
uninvolved and distant normal lung tissues. Our 
findings pinpoint somatic genomic aberrations in 
the normal-appearing airway field of 
cancerization. These findings were submitted as 
an abstract for presentation in the forthcoming 
American Association for Cancer Research 
Annual meeting. 
 
Role of LAPTM4B field cancerization marker in 
lung cancer pathogenesis 
 
One of the top aberrant gradient and localized field cancerization markers from our recent study 
(13) was the lysosomal membrane associated putative oncogene LAPTM4B. LAPTM4B was 
recently shown to promote autophagy for breast cancer cell survival and to mediate breast 
cancer chemoresistance (26, 27). In Years 03-04 of this program, we sought to study the role of 
LAPTM4B in lung cancer pathogenesis. As detailed in our previous annual report (Year 03), we 
already demonstrated that 1) knockdown of LAPTM4B suppressed anchorage-dependent and –
independent lung cancer cell growth; 2) LAPTM4B expression, when analyzed by in situ 
hybridization in NSCLC tissues, was predictive of poor survival and prognosis; 3) the anti-
growth effects of LAPTM4B knockdown were substantially larger when cells were cultured in 
medium lacking serum compared to when cells were cultured in serum-containing medium; 4) 
LAPTM4B activates cellular autophagy to promote lung cancer cell survival following serum 
starvation and 5) LAPTM4B activated and up-regulated the nuclear factor erythroid 2-like 2 
(NFE2L2 also known as NRF2) transcription factor along with the NRF2-mediated response as 
evidenced by functional pathways analysis of expression profiles of cells with and without 
knockdown of LAPTM4B. 
 
In Year 04 of the program, we further explored the interplay between LAPTM4B and the NRF2-
mediated stress response. QRTPCR analysis of the NRF2 target heme oxygenase 1 (HMOX1) 
demonstrated that mRNA levels of the NRF2 target HMOX1 were significantly increased after 
48 h and 72 h of serum withdrawal. Knockdown of LAPTM4B significantly attenuated HMOX1 
induction by serum withdrawal (Figure 4). In addition, knockdown of LAPTM4B concomitantly 
reduced the expression levels of the NRF2 transcription factor itself.  
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Figure 4. LAPTM4B promotes serum starvation-mediated 
expression of NFE2L2 and heme oxygenase 1 (HMOX1) in lung 
cancer cells. QRTPCR analysis of  LAPTM4B (top), NFE2L2 
(middle) and HMOX1 (bottom) expression  in Calu6 (left) and H1650 
(right) lung cancer cells transfected with control siRNA  as well as 
LAPTM4B-specific and NFE2L2-specific siRNA in the presence and 
absence of 10% FBS.  

 
Figure 5. LAPTM4B promotes nuclear localization of the NRF2 
transcription factor. A. ChIP analysis of NRF2 protein binding to 
HMOX1 promoter in Calu6 lung cancer cells. B. Western blot 
analysis of nuclear and total NRF2 protein following LAPTM4B 
knockdown in presence and absence of 10% FBS.  C. ICC analysis 
of NRF2 nuclear localization following LAPTM4B knockdown in 
presence and absence of 10% FBS. 
 

 
We then sought to assess 
the effect of LAPTM4B 
expression on the NRF2 
transcription factor itself. We 
first performed chromatin 
immunoprecipitation (ChIP) 
analysis of the effect of 
LAPTM4B knockdown on 
the transactivation of 
HMOX1 by the NRF2 
transcription factor. Using 
primers covering NRF2-
binding sites in the HMOX1 
promoter, ChIP 
demonstrated that 
LAPTM4B knockdown 
decreased serum 
starvation-induced 
transactivation of HMOX1 
by NRF2 evidenced by 
reduced binding of the 
transcription factor to the 
HMOX1 promoter (Figure 
5A).  Moreover and in 
accordance with QRTPCR 
and ChIP analyses, 
knockdown of LAPTM4B 
attenuated nuclear 
accumulation of NRF2 
protein by serum starvation 
as evidenced by western 
blotting of nuclear cell 
fractions (Figure 5B) and by 
ICC analysis of the co-
localization of NRF2 with the 
nuclear marker histone 2B 
(Figure 5C).  
 
Furthermore, reciprocal 
effects were observed in 
cells transfected with 
LAPTM4B-overexpressing 
vectors. Over-expression of 
LAPTM4B significantly 
augmented HMOX1 and NRF2 induction by serum starvation (Figures 6A-6C) as well as the 
nuclear accumulation of NRF2 (Figure 6D). It is noteworthy that while modulation of LAPTM4B 
expression did not affect levels of HMOX1 in cells at basal conditions and cultured in FBS-
containing medium (Figure 6C), LAPTM4B expression positively controlled nuclear levels of the 
transcription factor NRF2 (Figure 6D). It is reasonable to surmise that HMOX1 induction by 
NRF2 is independent on the levels of the latter transcription factor but rather dependent on 
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Figure 6. Over-expression of LAPTM4B increases NRF2 
activation and HMOX1 expression. QRTPCR analysis of 
LAPTM4B (A), NFE2L2 (B) and HMOX1 (C) mRNA levels in 
Calu6 lung cancer cells following LAPTM4B over-expression in 
the presence and absence of 10% FBS. D. Western blot analysis 
of nuclear and total NRF2 protein in Calu6 lung cancer cells 
following LAPTM4B over-expression in the presence and absence 
of 10% FBS. 
 

serum deprivation-induced 
stress. Our findings point to a 
novel intracellular mechanism, 
which involves the LAPTM4B 
field cancerization marker, for 
control of the NRF2 
transcription factor during 
basal conditions and cellular 
stress (e.g. nutrient 
deprivation). These findings 
were presented in the past 
2014 American Association for 
Cancer Research Annual 
meeting (28) and are currently 
being prepared for publication.  
 
 
 
 
 
 
 
 
 
Specific Aim 2: To increase our understanding of the role of tumor-initiating 

stem/progenitor cells in the pathogenesis of lung cancer in the “field 
cancerization” that develops in current and former smokers. 

 
Summary of Research Findings:  
 
Dr. Wistuba’s laboratory is not part of this Aim. 
 
Specific Aim 3:  Test airway-based mRNA and microRNA biomarkers of diagnosing 

lung cancer in current and former smokers at high risk for lung 
cancer in minimally invasive sites. 

 
Summary of Research Findings:   
 
In Years 03 and 04, we studied the molecular spatial map of field effects that transverse the 
normal-appearing bronchus adjacent to tumors up to the relatively distant nasal epithelium.  We 
surmised that this analysis would aid in identification of shared genomic changes between the 
field and lung cancer and that extend to compartments (e.g. nasal) in the field cancerization that 
can be readily accessible for biomarker analysis in screening and clinical settings. Samples 
(n=254) from patients with (n=28) and without (n=9) lung cancer that were collected from all 
partnering institutions (14 cancer cases from MD Anderson) were processed for global 
expression profiling at MD Anderson Cancer center using the Human Gene 2.0 ST platform 
(Affymetrix) and data analysis was performed in collaboration with BU (Partnering PI, Dr. Avrum 
Spira) (please see report by Dr. Spira). We identified profiles differentially expressed between 
NSCLCs and benign nodules. 47 genes were identified to be differentially expressed in a 
gradient like manner in the field of injury, i.e. genes that increase or decrease in expression with 
increasing distance from the primary lung tumor (Figure 7, left heat map). Gene expression 
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Figure 7. Airway-wide gene expression patterns in the field of 
injury. Gene expression profiling identified two distinct patterns of 
gene expression in the airway field of injury: 47 genes identified to 
be differentially expressed in a gradient manner in the field of 
injury of NSCLC patients and not in patients with benign disease 
(left heatmap) and 106 genes that were found to be differentially 
expressed between NSCLC patients and smokers with benign 
disease and that were persistent throughout the airway field of 
injury. 
 

analysis also identified 106 
genes to be significantly 
differentially expressed in the 
airways of NSCLC patients 
compared to smokers with 
benign disease and that were 
persistently expressed (non-
gradient) throughout the 
airway field of injury (Figure 
7, right heatmap). Importantly, 
these gradient and persistent 
genes were validated in 
independent samples and 
cohorts (please see report by 
Dr. Avrum Spira). These data 
point to field of injury profiles 
that embody the nearby lung 
tumor and inform of lung 
cancer pathogenesis (gradient 
field of injury) and field 
markers that are more likely to 
be diagnostic of lung cancer 
in minimally invasive sites in 
the clinical setting (persistent 
genes). These findings have 
been presented by Kusko et 
al in the past 2014 American Association for Cancer Research annual meeting (29) and are 
currently being prepared as a manuscript for publication. 
 
 
KEY RESEARCH ACCOMPLISHMENTS 
 
Year 01 
• Identified that gene expression is modulated in a site- and a time-dependent manner in the 

bronchial epithelium of early stage lung cancer patients.  
• Identified several pathways preferentially activated in the airway adjacent to tumors in 

patients with lung cancer, including those mediated by PI3K, NF-kB and ERK1/2.  
• Completed the collection and field cancerization gene expression analysis of 23 patients 

(n=226 samples) with lung tumors using samples obtained from lobectomy specimens.  
 
Year 02 
• Identified aberrant activation of canonical oncogenes in the molecular field of injury of early 

stage NSCLC patients including phosphorylated AKT and ERK kinases.  
• Completed the analysis and characterization of the molecular localized field cancerization 

using 194 samples comprised of tumor, normal lung and airway samples from 20 NSCLC 
cases.  

• Derived field cancerization expression signatures, comprised of genes concordantly and 
significantly differentially expressed between tumors and airways compared to matched 
normal lung tissue, and pertinent to NSCLC, lung adenocarcinomas and SCCs.  

• In collaboration with BU (Partnering institution), demonstrated that molecular profiles in the 
localized field cancerization are, at least in part, relevant to the molecular field of injury and 
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contain markers significantly and concordantly different between airways of patients with 
and without lung cancer 

• Identified profiles that were significantly progressively and differentially expressed by 
distance from corresponding lung tumors and concordantly modulated between tumors and 
paired uninvolved normal lung tissues, pinpointing to their probable roles in pathogenesis. 

• Confirmed the differential expression of several site-dependent and –independent markers 
identified by microarray analysis of the field cancerization at the RNA and protein level by 
QRTPCR and immunohistochemical analysis, respectively. 

• In collaboration with the Partnering PIs and Initiating PI of this award, began to analyze by 
RNA-Seq at BU (20 cases, 156 samples) and comprehensive microarray profiling at MD 
Anderson (28 cases, 183 samples) the molecular field of injury in NSCLC patients and 
cancer-fee individuals. 

 
Year 03 
• Characterized the transcriptomic architecture of the adjacent airway field cancerization in 

early-stage non-small cell lung cancer. These analyses demonstrated that the adjacent 
airway field of cancerization is comprised of markers that can identify lung cancer among 
smokers as well as gradient and localized site-dependent expression patterns that 
recapitulate NSCLC profiles. These findings have been submitted recently for publication 
and are under revision. 

• Demonstrated for the first time that the field cancerization putative oncogene, LAPTM4B, is 
a positive mediator of the lung cancer cell malignant phenotype evidenced by its promotion 
of anchorage-independent colony formation in soft agar. 

• Studied the mRNA expression of LAPTM4B in a large series of NSCLC histological tissue 
specimens for the first time by in situ hybridization. This analysis revealed that LAPTM4B 
expression is significantly positively associated with smoking and worse overall survival. 

• Demonstrated that the field cancerization marker LAPTM4B protects lung cancer cells from 
serum deprivation-induced growth inhibition and promotes the autophagy response following 
serum deprivation. 

• Revealed that LAPTM4B is a novel positive regulator of NRF2 transcription factor in lung 
cancer cells. 

• In collaboration with the Partnering PIs and Initiating PI of this grant, performed microarray 
profiling at MD Anderson of 254 field cancerization samples from 28 cases with lung cancer 
and 9 cases with benign disease to begin to characterize the molecular spatial map of field 
effects that transverse the bronchus adjacent to tumors up to the nasal epithelium. This 
novel analysis demonstrated that the molecular map of the field of injury/cancerization, in 
patients with lung cancer, is comprised of pathways and gene sets, whose enrichment in the 
field decreases with larger distance from the tumor as well as those that persist up to the 
nasal epithelium.  

 
Year 04 
• Began to understand genomic aberrations such as point mutations (i.e. single nucleotide 

polymorphisms, small insertions and deletions) and copy number alterations (i.e. 
amplification, deletion, loss-of-heterozygosity, allelic imbalance) in the airway field 
cancerization using deep sequencing and SNP array analyses. These findings in the last 
year of the DoD grant is the foundation for current and future studies to investigate the 
genomic architecture of the airway field of cancerization in lung cancer. 

• Completed series of in vitro experiments demonstrating the interplay between LAPTM4B 
and NRF2 in mediating stress responses that are vital for the survival of lung cancer cells. 

• In collaboration with the Partnering PIs and Initiating PI of this grant, completed microarray 
analysis of 254 field cancerization samples from 28 cases with lung cancer and 9 cases with 
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benign disease to characterize in depth the molecular field of injury and identify field of injury 
markers that inform of lung cancer pathogenesis and that are diagnostic of lung cancer in 
minimally invasive sites. 
 

 
REPORTABLE OUTCOMES 
 
Abstracts: 
• Kadara H, Saintigny P, Fan Y, Chow CW, Chu ZM, Lang W, Behrens C, Gold K, Liu D, Lee 

JJ, Mao L, Kim ES, Hong WK, Wistuba II. Gene expression analysis of field of cancerization 
in early stage NSCLC patients towards development of biomarkers for personalized 
prevention. Proceedings of the 102nd Annual Meeting of the American Association for 
Cancer Research; 2011 Apr 2-6; Orlando, Florida. Philadelphia (PA): AACR; 2011. Abstract 
#3674. 

• Kadara H, Fujimoto J, Yoo SY, Garcia M, Kabbout M, Basey A, Wang J, Coombes KR, Kim 
ES, Hong WK, Kalhor N, Moran C, Wistuba II. Gene expression profiling of lung tumors and 
matched normal airways reveals common and disparate aberrant pathways in squamous 
cell carcinoma and adenocarcinoma development and potential targets for chemoprevention 
in early stage lung cancer patients. Proceedings of the 103rd Annual Meeting of the 
American Association for Cancer Research; 2012 Mar 31- Apr 4; Chicago, Illinois. 
Philadelphia (PA): AACR; 2012. Abstract #1721.  

• Maki Y, Fujimoto J, Yoo SY, Gower A, Shen L, Garcia MM, Kabbout M, Chow CW, Hong 
WK, Kalhor N, Wang J, Moran C, Spira A, Coombes KR, Wistuba II, Kadara H. 
Transcriptomic architecture of the airway field cancerization in early-stage non-small cell 
lung cancer. 104th Annual American Association for Cancer Research (AACR) meeting, April 
6 - April 10 2013, Washington, D.C. Abstract # 2367. 

• Maki Y, Fujimoto J, Yoo SY, Garcia M, Gower A, Shen Li, chow CW, Behrens C, Kalhor N, 
Moran C, Wang J, Spira A, Coombes KR, Wistuba II, Kadara H. Transcriptomic architecture 
of the field of cancerization in the adjacent normal-appearing airway: Early mechanisms in 
lung carcinogenesis. Proceedings of the 105th Annual Meeting of the American Association 
for Cancer research; April 5-9 2014; San Diego, CA. Abstract #1597. 

• Kusko R, Anderlind C, Wang G, Zhang S, Wallace WD, Wasler T, Ebright M, Garcia MM, 
Eisenberg R, Lee G, Liu G, Elashoff D, Kalhor N, Moran C, Mehran R, Fujimoto F, Massion 
PP, Dubinett S, Wistuba II, Lenburg M, Kadara H*, Spira A*. Mapping the airway-wide 
molecular field of injury in smokers with lung cancer. Proceedings of the 105th Annual 
Meeting of the American Association for Cancer research; April 5-9 2014; San Diego, CA. 
Abstract #2352. 

 
Manuscripts: 
• Kadara H, Kabbout M, Wistuba II. Pulmonary adenocarcinoma: a renewed entity in 2011. 

Respirology. 7(5):833-40 2012. 
• Kadara H, Wistuba II. Field cancerization in NSCLC: implications in disease pathogenesis. 

Proceedings of the American Thoracic Society. 9(2):38-42 2012. 
• Fujimoto J*, Kadara H* (* equal contributing first authors), Garcia MM, Kabbout M, Behrens 

C, Liu DD, Lee JJ, Solis LM, Kim ES, Kalhor N, Moran C, Shalafkhaneh A, Lotan R, Wistuba 
II. G-protein coupled receptor family C group 5 member A (GPRC5A) expression is 
decreased in the adjacent field and normal bronchial epithelia of patients with chronic 
obstructive pulmonary disease and non-small cell lung cancer. Journal of Thoracic 
Oncology. 7(12):1747-54 (2012). 
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• Kadara H, Shen L, Fujimoto J, Saintigny P, Chow CW, Lang W, Chu Z, Garcia M, Kabbout 
M, Fan YH, Behrens C, Liu D, Mao L, Lee JJ, Gold KA, Wang J, Coombes K, Kim ES, Hong 
WK, Wistuba II. Characterizing the molecular spatial and temporal field of injury in early 
stage smoker non-small cell lung cancer patients after definitive surgery by expression 
profiling. Cancer Prevention Research. 6(1):8-17 2013. 

• Kadara H, Fujimoto J, Yoo SY, Maki Y, Gower AC, Kabbout M, Garcia MM, Chow CW, Chu 
Z, Mendoza G, Shen L, Kalhor N, Hong WK, Moran C, Wang J, Spira A, Coombes KR, 
Wistuba II. Transcriptomic architecture of the adjacent airway field cancerization in non-
small cell lung cancer. Journal of the National Cancer Institute. 106(3):dju004. 
Doi:10.1093/jnci/dju004 2014. 
 
 

CONCLUSIONS 
 
During this DoD grant and program, we 1) understood how the molecular field of injury evolves 
spatiotemporally following curative surgery in smoker early-stage NSCLC patients; 2) 
characterized the transcriptomic architecture of the adjacent airway field cancerization in early-
stage NSCLC; 3) identified gradient profiles in the localized field cancerization that highly 
embody the nearby lung tumors; 4) demonstrated that the molecular adjacent field cancerization 
extends to relatively less invasive large airways and harbors markers that can detect lung 
cancer in smokers that are suspect of the malignancy; 5) validated the expression of a novel 
field cancerization marker, LAPTM4B, in airways and tumors in NSCLC patients; 6) revealed a 
novel interplay between LAPTM4B and the NRF2 transcription in mediating the NRF2-stress 
response and pathway for ensuing lung cancer cell growth and survival; 7) began to understand 
genomic aberrations (mutations and copy number alterations) in the airway field of cancerization 
and 8) identified field of injury/cancerization markers that are specific to NSCLC vs benign 
disease, inform of NSCLC pathogenesis and can detect lung cancer when assesse din 
minimally invasive sites in the lung.  
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  
   

        

           

       

             

     



       
        
       
       
       
         
        
      
         
       
     
     
      
       
      
       
      
    
       
         
    
        
       
    

      
     
 

     
    



         
       
       
          
       
       
      
      
        
       
      
       
      
      
        
        
         
     
      
        
       
      

        
      
       
      
        
    
      
     
       
        
       
     
       
     

         

       

         

        

     

         

       

          

        

         

        

        

        

     

     

         

       



       

   

       

   

 



     
    
         
      
        
     
       
     
      
      
    
      
      
    
     
     
      

        
       
     
        
       
    
    
      
    

     
     
       
        

      
     
     
        
  
       
     
       
      
    
    
     
     
      
      
     
         
      
     
    
        
    
        
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    
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        
    
       
       
    
      
     
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      
       
      
      
     
     
        
       
       
      
    
        
       
     
     
      
      
       
    
       
     
 

  

      
       
       
      
      
     
      
    
       
       
       
      
      
     
      
     

    

   

       

   



      
      
      
    
      
     
        


        
      
       
     
        
        
        
         
      
      
     
    
     
        
      
     
       

      
      
     
         
   
       
       
      
       
     
     
      
       
      
     

     
      
       
      
     
      

      
       
      
       

      
        
       
     
         
        
        
     
       
       
       

       
     
       

     
      
        
    

      
     

     

      
         
      
    
     
    
     
      
       
     
      
      
     
         
         

     

   



 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

   

       

   



       
        
     
      
     
         
       
      
         
        
      
     
     
        
      
      
       
    
    

 

      
      
     
    
    
        
      
     
     
      
     
     
       
       
    
      
     
    
       
    

     
      
     
    
     
       
        
       

     
     
     
       
     
       
       
     
     
     
        
        

     
      
       
      
        
      
          
       
        
         
        
          
     
      
        
         
         
         
      
       
         
     
          

       
        
       
    

      
       
      
        
      
       
        
        
     
   
   
     
     
       
          
       
     
      

    
         
     
      
        
      
     
     
        
       
       
   

         
      
         
          
     
     
        

    

   

       

   



       
      
        
     
        
      
      
     
        
         
        
      
         
     
       
      
      
     
       
        
      
     
       
    
       
     
       
       
         
          
      
     
      
   
      
       
        
        
     
      
    
     
         
    
     
        
     
     
        
       
     
      
       
         
         


     
        
       
        
      
       
        
      

        
         
       
         
     
     
     


      
    
         
       
       
      
       
      
       
     
        
       
       
          
       
        
         
      
       
   

      
      
      
     
      
       
       
       
     
           
       
       
     
     

      
       
      
  

  

     
        
    
       
         
     
      
     
      
           
           
      
       
     

   

   

       

   



     
       
      
        
      
     
     
     
     
       
       
         
     
      
     
        
     
      
      
     
     
     
       
       
      
     
       
        
    

  

    
      
    
      
      
     
       
      
          
         
      
       
       
    
       
     
        
       
        
        
     
       
        
      
      
      
       
     
     


  

 

        
        
    
      
     
       
        
      
      
        
      
      
        
      
      
       
       
        
      
       
     
        
         
      
       
     
      
          
    

     
    
        
    
      
         
         
       
       
    
         
         
       
        
          
       
     
       
        
       
     
        
      
    
     
        
    
      
        
       
      
       

    

   

       

   



       
        
       
     
    
         
    

   



      
      
        
     
        
           
    

      
       
       
       
        
      
          
        
       
      
       
    
       
       
      
        
      
     
     
      
       
     
     
       
        
       
        
   

     

 

       
       
      
        
       
    
   
        
        
      
       

      
       
     
      
      
    

         
      
     
         
       
         
        
       
     
       
       
         
        
      
         
        
        
      
    

      
    
        
     
      
        
      
     
       
     
      
        
      
     
       


      
        
       
      
     
        
      
     
     
       
      
        
       
       
       
       
        
         
        
       
       
        
      

   

   

       

   



       
    
       
      
         
        
        
       

 

       
      
     
      
        
     
     
        
         
       
     
       
      
     
       
     
       
     
     
       
       
        
     
       
       
        
      
        
       
       
      
        
     
         
        
        
      
         
    

     
  

        
       
    
     
      
         
        

      
        
      
     
       
        
     
      
    
       
       
       
       
      
         
      
         
       
    

      
        
      
      
     
      
     
    
      
       
     
      
   
          
    
          
      
       
     
      
      
        
       
        
      
        
      
       
        
    
     
     
       
     
       
        
       
      
     
     
      
     
       
         
  

    

   

       

   



    
      
     
      
        
     
     
     
     
       
       
      
      
       
      
        
       
      
     
     
      
       
      
      
         
       
       
        
       
       
      
       
  

     

 

     
       
       
     
     
     
        
     

        
    
       
       
         
        
      
      
     
       
      
       
      
      
        
      
      
      

     
      
      
      
        
    
     
        
       
      
     
       
     
       
     
      


     
       
      
      
      
       
     
       
      
      
        
      
      
      
         
     
      
 

   

      
     
      
     
       
     
       
       
      
      
       
        
       
        
       
      
     
         
        
      
       

    
      
       

   

   

       

   



        


  

     
      
      
     
        
       
     
     
       
     
       
     
      
     
       
     
      
      
      
 

    

      
        
       
      
       
      
       
     
       

     
        
   
      
     
     
       
     
     
      
     
     

    
      
      

     
      
       
    
       
         
        
     
      
     

       
       
     
  



    
      
       
       
    
    
            
        
        
     

     
       
         
      
        
     
       
        
    
    
     

      
      
     
      
     
        
     
      
       
     
     
     
   
      
   

      
      
        
      
      
      
    
        
      
      
      
       
       
       
      
        
      
     
      
       

    

   

       

   



       
         
         
       
       
       



       
        
       
       
       
      
      
         
       
      
    
      
      
      
      
        
       
       
     
        
        
      
       
       
       
      
      
      
     
     
      
 

       
     
        
        
        
      
      
     
        
     
       
   
     
     
    
     
      
       
      
       
      
          

    
      
       
    
      
     
        
     
      
     
       
     
      
 

     
     
      
      
       
     
      
         
    
      
    
         
      
        
     
      
     
        
       
       
       
        
      
      


 

  

     
     
     
      
     
        
      
       
     
     
        
     
     
      
      
       
       
       
        

   

   

       

   



      
        
     
       
     
     
       
     
        
      
      

 

   
    
     
     
     

      
       
      
     
      
     
      
       
       
    
      
      
      
      
      
      
      
      
    

   

 

     
     
       
      
      
        
       
           
     
      
       
     
          
     
       
        
      
    

     
      
       
       
         
        
       
           
        
        
      
       
      
      
     
      
     
        

    

     

   

     

     

     

    

   

  

    

  

    

     

     

     

    

     

   

    

    

  

    

   

       

   



        
     
         
     
       
        



      
       
      
      
       
         
       
       
     
       
       
      
      
     
      
         
      
       
       
       
    
       
     
     



        
      



            

     

           

   

             

       

   

          

      

     

         

   

         

     

          

        

         

        

       

      

             

       

     

         



         

  

         

         



            

      

    

           

       

           

    

           

        

             

          

        

   

            

         

         

   

            

          

         

      

          

          

   

           

         

           

 

           

       

         

           

      

          



           

        

        

       

          

       

       

       

           

          

      

    

          



          

        

    

       

 

          

       

       

          

       

    

          

      

   

   

       

   



            

         

        

          

        

    

           

        

            

      

      

            

          

        

   

           

        

   

          

        

      

           

       

           

        



          

         

       

         

      

         

         

     

            

         

   

             

       

        

   

         

     

            

      

         

 

             

       

  

            

       

   

          

         

  

          

          

     

          

     

        

        

            

         



             

        

          

       

       

       

  

          

         

       

     

             

       

       

 

            

        

        

            

      

       

          

       

   

           

      

         

          

          

 

         

    

         

          

       

  

            

       

     

  

             

      

    

           

      

       

           

        

     

       

           

        



          

       

        

  

            

      

      

      

          

       

       

  

           

         

   

           

      

        

  

          

        

    

   

       

   



          

  

        

       

   

           

       

         



          

       

         



          

        

        



           

         

   

          

        

  

           

      

       

            

        

   

            

       

      

    

         

      

     

           

         

         

            

          

         

              

          



            

        

     

           

       

    

          

            

         

  

          

       

        

             

          

 

            

        

    

            

       

        

           

       

       

          

         

         

           

        

       

         

     

    

          

      

           



              

       

    

           

        

     

           

       

         



            

         

     

           

          

      

         

       

        

 

           

       

      

            

        

   

        

         



          

       

        

           

      

        

          

        

      

          

       

      

     

            

       

  

             

        

            

      

        

     

           

       

        

           

      

         

   

   

       

   



          

       

        

           

      



           

        

       

            

      

        



           

        

          

          

          

     

           

       

       



          

         

         



           

         

      

 

          

         

     

             

       

        



              

       



         

         

  

        

          



           

         



             

        

       

            

        

     

           

       

         



            

        

       

            

          

           

        

         

          

      

          



         

     

    

          

      

      

  

             

        

  

           

       

   

            

        

       

    

   

       

   



   

      
   

     

                  

  

        

          

         

          

      

      

         

      

       

          

        

         

         

         

 

       



           
        
            
       
          
          
        
         
       
       
         
        
       
        
      
         
       
         
          
        
       
     

           
          
          
        

         
           
         
       

       
       
            
        
         
        
       

         
          
        
    

  
 

      
     
        
         
         
         
           
          
         
       
      
         

         
          
           
      
        

        
   
       
         
         
       
        

             

       

          

        

           

        

            

       

 

  



      
      
         
       
        
        

        
          

        
       
      
        
        
         

        
       
        

   

        
 

         
         
        
        
        
         
       
       
      
         
       
        

       
      
        
      
       
         
        
       
          
          
      

       
         
      
          
        

        
     

 

    

 

          
        

       
       

          
         
          
        
        
        
       
         
        
         
        
          

        
     

         
       
      
        
           
       
       
          
      

         
       

         
          

         

        
   

       
         
         
      
        

        
         
      
           
      
            
        
        
     
        
       
          
        
         
       
      
       
         
          
          
      

      



      
         
      

     
       

        
        
        
        
       
         
         
        
      
         
          
        
        
       
       
        
       
      
        
      
           
       
          
         
         
        
          
  

     

        
       
      

         
        
      
        
      
         
         
        
        
       
         
        
        
       
      
       
          
        
        
         
       
        

         

           

   

    

     

    

    

    

    

  

   

     

     

    

   

    

   

     

     

     

    

    

  

     

  

     

    

     

   

   

                       

                  

             

         



         
    

  

           
       
       
       
        
       
        
         
        
         

         
          
       
        
          

          
       
          

     
        

        
      
      
          
        
        
       
       
        
      

        
       
         
       
        
     

      

   

     
        
       
         
      
     
       
      
          
         
        
         
       


      
        

            
         
         
       
         

      

        
        
           
        
     
         
     

        
         
         
       
          
         

       

     
        
        
       
      

           



             

      

            



          



           

 

           

     

          



           

      

            

         

 

 

            

     

             

        

     

           

         

       

  

          

  

          

     

      



          

        

     

            

        

     

            

          

  

          

         

     

             

        

      

               

             

        

             

          

          



           

          

       

            

         

        

    

           

         

       

  

       

      

          

  

          

      

       

           

            

       

         

        

            

          

          

 

            

          



          

         

           

        

          

           

       

       

            

         

    

            

          

 

 

          

         

         

   

             

        

      

          

   

           

        

          

   

               

          

      

             

         

     

            

             

       

      

              

          

         

   

            

           

          

    

            

           

    

            

          

       

      

          

       



              

           

         

    

         





     

        

 

 

     





      

       





         



 



 







    





 



 







       






         

       

     




       
       
     
  






  


     

























     

        
        







 

 


         


         

      
        
      





       
       
 

  
       

   






 












       

     
      


        
       


     

      







 
         

           



     

       

        
      
   
       





        

    







       
  


        
     



  

  

 

  

 

  

 

 

  

 

 

  

 

 

  

 









  

       
     



       





       
          
       
     





       
      


     


   













     
     
    



     
      
   

 



    

       
       

       



       



 
   


      







     

      


 

      

     
       
     
     
     
        
    
 
        
        


     
      
       


    
   


        






        





 

 







       

     
      
     



        
     



   
         
      





       
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      
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  
      
        
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

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



 





  


       
      

  


    


  




   
      



       


 
   
  




  



      
   


         
       

      
      

      
 
        


       
       

     
       
 

 



 










  

      
        
       

   
    

  




   



    

      






     

    






      
       

      
     
 
      
    


     
       
         
       



 

       
    








       
 

       

          
       
      
        
 
 
        







   



 












 

       




        

      
     



       



  



            


      



         



 


 







 

 

          



 


  





 




 






   
      



 








 

         


       




 




 


      







  

    




  





       









     

      



 





    



 





            

         



          

         









  























 

        

       

       

        

           

         

               

         



            

             

            

              

                

                

                     

               

              

               

               

          

             

         

                 

                

            

             

        



       

       

        

          

         

         

       

       

       

        

     

      

      

           

      

         

       

 

       

      

      

         

      

       

       

        
      

          
       

         
  

          
      

   

       
          

        
   

 

     







     








     

     

        

      

         

        

       

        

      

       

      

       

       

    

        

       

        

       

        

        

        

       

      

        

     

        

       

       

        

       

       

      

     

     

       



  

      
       

        

       

       

       

        

        

      

      

        

          

       

         

      

        

       

    

        

         

        

             

        

      

          

        

    

        

          

        

         

     

     

        

      

            

          

        

       

      

        

        

       

           

        

     

        

        

      

   
      

      

       

       

      

          

       

       

      

      

     

        

       

        

      

        

       

       

      

         

      

         

      

      
       

        

      

       








   

     

      

      

             

        

        

         

           

       

        

       

         

       

      

     

     

         

    

      

       

       

      

        

      

        

       

   

    
     

     

        

       

     

      

    

      

      

          

      

        

        

       

     

       

          

       

           

 



  







 








 



 







          

          

          

          

          

          

          

          

          

          

          

          

          

          

          

          

          

          

          

               

     
      
                  
          
              

  

        








      

        

      

     

       

       

       

       

        

        

     

       

        

         

       

           

        

      

       

       

      

    

        

      

        

        

    

       

           

        

        

      

        

   



      
        
 
     

        

      

       

        

         

          

        

         

       

        

       

      

        

         

          

        

       

           

          

                     

                   

                    

                       

                        

                           

      

       








           

      

        

           

     

       

         

     

       

       

       

            

    

       

         

         

       

     

    
     

       

        

        

        

        

        

          

      

        

     

       

          

          

      

       

       

        

           

       

        

           

         

       

         

         

        

        

      

         

 

        

          

      

     

     

                

                           

                       

                       

                        

                     

            

  

        








         

          

       

      

     

     

          

        

   

       

      

       

       

      

       

      

     

       

      

         

      

      

          

        

    

      

       

        

           

     

         

        

         

        

        

       

        

          

       

        

     

       

        
      
  
        

         

      

      

          

       

       

     

         

         

            

       

         

       

       

      

         

     

      

     

      

          

        

     

    

     

     

   

  

      

     

   

     

       

    

      

    

    

     

    

     

    

   

     

     

  

      

       








        

      

        

         

         

       

    

        

       

         

       

      

       

          

      

     
         
   
        

        

         

     

      

     

         

    

       

     

    

        

      

    

         

        

         

        

     

            

       

       

       

         

     

      

       

      

          

        

        

           

    

         

         

 

 





 

 

 

  

 

 

 

  

 

 

 

  

















 

 
 

   

   












































 

                    

                  

                        

                

               

                      

        

  

        








      

         

        

       

        

      

  

       

        

       

       

   



      

        

         

         

          

       

        

         

       

     

         

          

         

      

         

       

       

        

      

      

        

       

         

       

      

         

        

     

          

       

        

       

      

        

       

           

         

      

        

        

         

        

       

        

       

        

        

       

       

      

       

       
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       

         

            

          

          

          

          

         

       

         

           

      

        

        

        

       

      

        

          

          



       

        

        

      

          

        

         
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      

          

          

        

       
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         

         

       

       

         

       

         

       

         

     

       

       

      

       



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         

       

        

      

    

      

     

    

      
      

 
          
          
       
         
     

        
         
            
          
        
        
         
     
           

 
           

        
            
       

            
          
          
 

          
     



         

     

           

  

            



       

        

      

            

        

    

               

    

            

 

             

     

            

           

     

               

           

  

            

         

    

              

         

     

            

          

        



          

        

           

     

          

         

         



          

        



             

        

      

          

           

        



                

        

       

            

       

           



               

         

     

            

            

      

              

        

     

           

   

              

          

       

            

         



             

        

        



            

         

        



                

        

      

             

         

     

  

        








              

       

       



          



          

      

      



              

        

          



        

      

           

    

          

 

      

       



























































 





























   

















  





 

 



        



 

 



  
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     

        



    

  

      



      

       


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


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


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



 





   











 



     





















































       
   
     
      
         
     

         
       

      



       






























   





















 



        
     
 
       
        
       
       
        



         
 
 
 























































        




 
       



         
          
   

    
  


























   

      

        

      

        

       



     



 









      

     



       

       

     



       



 

        

     













 





 

   

 
    

















































    












 















  
       
         






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



       

 





       



   







        



        



  

 





          



      

       



    

 



       

        

        







          





  





 

     



  



      



























   

   



 

        



  





 







          



 





  

         



         

         



 





 





 

           



 

 



  





 







 

        

            



  





  

         



  

         



        

        



           

         

      



  





 

  



  

  



            

        



 

       

           



 

 





 



  





 

       



 





 



 





 





             

        



   





     

























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